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ABSTRACT

This paper presentsanumerical approach for estimation of effective elastic
properties of carbon nanotube (CNT)-reinforced polymer composites. A
square representative volume element (RV E) denoting apart of continuum
is considered based on the assumption of transverse isotropy of material
and the fiber/matrix regions are discretized using three-dimensional solid
elements. The meshed assembly with periodic boundary conditions is
employed to predict the elastic properties using finite element analysis
solver. Parametric studies are conducted by considering the properties of
CNT fibersboth asisotropic and orthotropic, that are uniformly distributed
inisotropic polymer phase. The effect of interphase properties such asits
stiffness and thicknesson the elastic propertiesisalso studied. Investigated
results are in good agreement with those obtained from micromechanics
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INTRODUCTION

Theability towithstand highload and need for light-
weight, high strength materialsemerged the advance
compositesystemwith better performancein structures
and engineering applications. Recently engineersand
researchers have given huge attention on carbon
nanotube embedded polymer matrix compositesfor
utilizing the remarkabl e properties of carbon nanotube
(dtiffnessupto 1TPa, tenslestrength of order of 100GPa
and thermal conductivity up to 6000 Wm*K1) asrein-
forcement!. Moregeneraly matrix phasehaving con-
siderably lower strength and density thanthereinforc-
ing phase, thus combination of fiber and matrix often
givesriseto high stiffnesstoweight ratio. Exploitation
of carbon nanotube and other nanostructuresasfiller

made them promising candidate to advance compos-
ites. With global oil resourceson adecline, increasein
thefud efficiency of engineshasbecomehighly desir-
able, thusCNT reinforced composites are expected to
be adopted by automobile and aircraft manufacturing
industriesin production of reinforced lightweight ma-
chineelementsin near future. Besidesthese, CNT
reinforced composites have multitude of applications
encompassing fud cell components, natural gastanks,
advanced marinevessds, ail field Sructure, sportsequip-
ment and el ectroni ¢ packaging applications. To accel-
erate structures and engineering application of these
composites, cost factor and technol ogical problems
associated with the production processneed to bere-
solved. For ingtance, non-uniformdistribution of CNTS,
poor dispersion, andlow |oad transfer efficiency CNT
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to polymer matrix duetointerphase, agglomeratesfor-
mation dueto strong van der Waals forcesand high
specific surface areahave great impact on mechanica
behaviour of CNT reinforced composite. The under-
standing of adverse effect of the abovefactorsonthe
Mmacroscopi ¢ properties and to overcome these prob-
lemsan exhausting experimenta work isneeded. Sev-
eral recent works®4 investigated mechanical proper-
tiesof CNT-poly methyl-methacryl ate reinforced com-
positeus ng experimentad and modeling technique. Be-
Sdesexperimenta work, whichisvery costly butinfor-
mative at thenano level, there arefew modeling ap-
proachesthat performvirtual design and optimization
of CNT reinforced composite. Themainmodeling ap-
proachesthat researchers have been usedinclude: ato-
mistic modeling™®, analytical modeling% and con-
tinuum modeling™-4 gpproaches. Molecular Dynam-
ics(MD) smulation, tight-binding molecular dynamics
and dengity functiond theory (DFT) areused for atom-
isticmodeling. But MD smulation haveremedy suchas
gmall timeand length scaleanaysisand not suitablefor
multi-scalemodding. Asandyticd gpproachesarelim-
ited to meso/microscal e, in recent scenario, research-
ersare usng hybrid atomistic-continuum modding. In-
vestigation of eastic propertiesof compositeusng con-
tinuum mechani csapproach, mainly in theform of F-
nite Element Method (FEM) have potentid to ded with
parametric investigations of the el astic properties of
CNT-reinforced composites. Generally, CNT-rein-
forced composites showsorthotropic materia proper-
tiesat meso level, but during fabrication process, itis
impossibleto control the dispersion and distribution of
the CNTs so precisely resulting in a random
nanogtructure.

Present paper dealswith the prediction of the ef-
fectiveeastic constantsof uniformly distributed CNT
reinforcementsin polymer with transverse-isotropic as-
sumptionsusing FEM. An RV E consisting of square
cross-section of polymer matrix embedded with single-
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walled CNTsaong with aninterphase betweenthemis
employed. Theanaysesare conducted by meansof 3-
D finiteelement model of RVE usingcommercia soft-
wareANSY S. Inorder to predict e astic moduli, RVE
isloadedin axia tension separately inthreedirections
by applying asmall normal displacement at oneside
and fully restraining the other side. Ana ytical results
obtained from therule of mixturesareused to vdidate
thedatafrom finite element method. After vaidating,
themode isusedtoinvestigatetheeffectsof interphase
and geometry parameterson the elastic properties.

MODELINGOFCOMPOSITE RVE

Asinconventiond compositefibers CNT reinforce-
ments can be considered to beuniformly distributed in
the polymer matrix. Numerical homogenization gives
the concept of representative volumeelement (RVE)
for estimating the effective properties of thecomposite.
Duetoitssmplicity, an RVE of square cross-sectionis
selected to approximatethe entire geometry during the
analysig®>¥, Figure 1 showsthetypica RVEwhichis
selected from aperiodic composite structure.

The RVE consists of polymer matrix, an embed-
ded full length CNT and interphase between them. An
equivaent volumesolid cylindrical CNT isconsidered
for modelingthehollow cylindrica shapehaving thick-
ness of 0.34nm. RVE model of square cross-section
(9nm x 9nm) with 50nm lengthiscong dered. For Ana:
lyticd analysispoint of view ruleof mixtureisemployed
for estimating the el astic properties. Longitudinal and
transversed adtic constantsusing ruleof mixture” are:

Ec1 = EcntVent + Em (1= Venr) @
E..E
Ec2 = cnt—=M (2)
Ecnt (1_ Vcnt ) + EM Vcnt

Andinter-laminar Poisson’sratio (v..,,) and shear
stress(G_,,) of composite have been estimated as:

Figurel: (a) Selected RVE from aperiodic structure, (b) RVE of squar e section
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1
Vo3 =
|:Vcnt + (1_ Vcnt ):| (3)
Vent Vm
E
G = C2
% 21+ vegs) @

where E_, v_ andE,,, v,, are the elastic modulus,
Poisson’sratio of CNT and polymer matrix respec-
tivelyandV_ isSCNT volumefraction.

Polymer phase

The polymer resin considered inthe present inves-
tigation isPoly methyl methacrylate (PMMA). It has
properties such asgood i mpact strength, high tough-
nessand lightweight in nature. It hasvarious applica
tionsin primary aircraft structure, formula-1 carsand
packaging. Herelinear isotropic behaviour isconsid-
ered with Young’smodulus and Poisson’sratio of 2.5
GPaand 0.34 respectively.

Fiber phase

CNTsarehexagond aray sructureincylindricd tube
form. In present task, both isotropi c and orthotropic na-
tureof CNT fibersisaccounted despitethefact that CNTs
haveonedimens onin nano rangeand possesshigh tiff-
nessonly inaxia direction. TABLE 1 showsthe proper-
tiesof CNTsthat are adopted in thisanaysisfor model -
ingof CNT ascontinuummeterid.

Eventhe CNT structureisconsidered asahollow
cylinder, incontinuum modeding of CNT, asolid cylin-

TABLE 1: Material propertiesof carbon nanotubes?

| sotropic properties Orthotropic properties

E,=1000Gpa
E]_ =1000GPa E2: E3=3OGPa
v=0.3 G12:G23=631=3OGPB.

V12:V23=V31=0. 068

= Review

drica tubewith equivaent volumefraction can becon-
Sidered asshowninFigure2.

I nter phasebetween polymer matrix/CNT

CNTsarechemically bonded structuresthat create
the problem ininteraction in between polymer matrix
and themselves. Thisweak interactionisresponsible
for interphasewhich playsanimportant roleinfinding
out the mechanical behaviour of CNT-reinforced poly-
mer composites. Many research works are going on
recently to reduce theinterphaseregion between CNT/
polymer resinusing functionalized CNTSs, butitisvery
difficult toremovetheinterphase. It therefore becomes
necessary to model theinterphasewith separate prop-
erties. Inavailadleliterature many techniqueshavebeen
applied for modding of interphasg?'4 that givesin-
sight view for consideration of interphase. In present
work, interphaseismode ed asacontinuousmediawith
isotropic properties depending on the properties of
polymer. Twotypesof interphasesconsdered are: rigid
or stiff (whereisotropic elastic modulusE ~10E ) and
soft (inwhich E,_~E _/10).

FINITEELEMENT ANALYSISOFRVE

INCNT reinforced polymers, theoverall compos-
itebehavelikean orthotropic materid. Inthisanaysis,
transversaly isotropic propertiesare considered for es-
timating thestiffnessmatrix and e asticconstants. CNT
fibersand matrix are cons dered to be perfectly bonded
at theinterphase. For transversely isotropic materia,
fiveindependent elastic constants (E,, E,, v, v, and
G,,) are needed to find out the material behaviort*®,
Out of aboveeffectivemateria constants, the constants
namely elastic moduli E , E, and Poisson’sratiov,, re-
lated to normal stress and strain componentsare ob-

Figure2: Continuum model of aCNT
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tained inthiswork. Theinter-laminar shear modulus
G, can bea so computed asfunction of transverseel as-
ticmodulusE,. Thegenerd stress-strainrelationsfor
thenormal stressesand strainsinatransversaly isotro-
pic material canbewritten as:

O Cu Cp Cypller
6,r=|C Cspn Cxupe; )
O3 Ci Cyxi Cglles

Here, thedirection 1 refersto thelongitudinal axisof
fibres. TheconstantsC ,, C ... areobtained by ap-
plyingfollowingthreedifferentload cases (i) Aunitstrain
isapplied along direction-1 (z-axis) and measurethe
first column elementsof the C matrix above(ii) A unit
grainisapplied dongdirection-2 (x-axis) and measure
second column eementsof Cand (iii) apply unit strain
along direction-3 (y-axis) and measurethird column
elementsof matrix C. Alongwith unit strain, thefollow-
ing displacement boundary conditionsare al so gpplied
tofirstload case (asin Figure 1b):

ui(as,y,z)=a

u,(0,y,z)=0

u,(x,a,,z)=0

u,(x,0,z)=0 ©)
us(x,y,az)=0

us(x,y,z)=0

Theaveragestressfied (o, ) givingtherequired com-
ponent of elastic matrix for first load caseisdefined as:

1
C,=0, —vgca(x,y,z)dv @

Similar boundary conditionsare applied for sec-
ond and third load cases. Findly, using theelements of
C matrix, the dastic modulus and Poisson’sratio are
obtainedas.

Ecy =Cyq = 2C%12/(Cypp +C o)
Eco =Ec3 =[C11(Cp+Cy3)— 2C212](sz =C2)/(C11Copi— C212)
Vcas :[C11C23—0212]/(011C22—C212) (8)
Gexs = (sz —C23)/2

Thevalidation of finite element model hasbeen
checked through acomparison with rule of mixturere-
sults. Prediction of elastic constant for RVE of trans-
versaly orthotropic compositeisdonefor different vol-
umefractions.

flano Soienoe and flano Teohnology

RESULTSAND DISCUSSION

All thethreephasesof thesolid model of RVE are
meshed with 8-noded three dimensional SOLID185
elementsinANSY S. Theaveragestressand straindis-
tributionfor loadingindirection-1 with 1%volumefrac-
tion of orthotropic CNTsisshownin Figure3.

(b) Averagestrains

Figure3: Averagedigribution plotsin ANSY Smodel for 1%
volumefraction of CNTs

ANnANSY S-APDL command listisemployedto
cary-out parametric studies. Both thefiber volumefrac-
tionandinterphasethicknessarevaried and correspond-
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ingtheelastic constantsarerecorded. TABLE 2 shows
theresultsof anaytica approach with those obtained
from FEM for 1% volumefraction of CNT. Alsoshown
aretheresultsfor the case accounting theinterphase
elagticity effect corresponding to 0.34nm thickness of
interphase.

TABLE 2: Elagticcongant obtained for CNT-reinfor ced poly-
mer with an inter phase

FEM result FEM result with

Elastic Analytical interphase
Congtant  result Isotropic  Orthotropic .
CNTP oNT PIC giiff soft
Eci(GPa) 12.4749 13.927 14.270 15.267 13.908
Ec,(GPa) 2.5251 2.765 2.751 2.827 2.572
Ge2s(GPa)  0.9419 0.9484 0.9467 0.9523 0.8964
Veas 0.3396 0.4575 0.4567 0.4556 0.4357

It is seen that the analytical results as computed
from rule of mixtureareawaysonthelower sideand
by cons dering tiff interphase conditionsthed astic con-
stants have attained maximum values. Figure 4 shows
thevariationof longitudina modulus(E_,) withvolume
fraction of CNT. It isseenthat thevariation isalmost
identical intwo caseswhen CNT behavior isconsid-
ered asorthotropic and isotropic in nature. Although
FEM resultsarein good agreement with rule of mix-
ture, but they show deviation from Halpin-Tsai moddl.
It isbecause of the assumption madein FEM modeling
that all phases are considered as continuum and ne-
glected thereinforcing efficiency parameter between
CNT and polymer.

Figures5to 7 show thevariation of inter-laminar
shear modulus (Gc,,), transverse modulus (E_,) and
Poissonratio (v..,,) With CNT volumefractions. Itis
concluded that these properties are less affected by
accounting orthotropic natureof CNT.

Theeffect of interphasethicknessand stiffnessis
studied first to confirm whether therol e of interphase
during themodeling of CNT reinforced polymer com-
posites. Study ismadefor rigid (stiff) interphase be-
cause such aninterphase givesmaximum el astic prop-
ertiesin comparisonto soft interphase asreveled from
TABLE 2. The minimum thickness of interphase con-
sidered for thisinvestigation isequal the CNT thick-
ness (=0.34nm) and results are estimated by varying
theratio of interphasethicknesswith CNT thickness.
Figure8 showsthevariation longitudina €astic modu-
lus (E_,) withtheinterphasethicknessfor different vol-
umefractions.

——— Rev/iew

—a— Rule of Mixture
22 —a—For isotropic properties of CNT

—&— For orthotropic properties of CNT
—¥— Halpin Tsai method
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Figured4: Variation of longitudinal moduluswith CNT vol-

umefraction
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Figure5: Variation of interlaminar shear moduluswith vol-
umefraction

—&— Rule of Mixture
~&— isotropic properties of CNT(FEA)
—— orthotropic properties of CNT(FEA)
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Figure6: Variation of transver ssmoduluswith volumefrac-
tion

Thefirstimportant conclusionisthat longitudinal
modulusisless affected by theinterphasethicknessin
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—— Rule of mixture
20+ —&— For isotropic properties of CNTs
—&— For orthotropic properties of CNTs
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Figure7: Variation of Poisson’sratiowith volumefraction

For orthotropic CNTs and stiff interphase
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Figure8: Effect of inter phasethicknesson longitudinal modu-
lus

Far crthtropic GNTs and Stiff interphase
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Figure9: Effect of inter phasethicknesson transver semodu-
lus

comparison totransversemodulusfor al volumefrac-
tions. Thus, for smplicity, interphase effect can be ne-

flano Soienoe and flano Teohnology

glectedinestimating of longitudina elasticmodulus. On
the other hand, interphase stiffness and thickness &f -
fects transverse modulus and other polymer matrix
dominated propertiesas shownin Figures9 and 10.
Fgure 11 showsthevariation of Poisson’sratiowith
interphasethicknessand it seemsthat interphasethick-
ness has adverseeffect on out of plane Poisson’sratio.

For orthotropic CNTs and Stiff interphase

4% GNT

2% CNT

1% CNT

DTG DTE 1I-D ‘IIE ‘II.4 ‘Ifﬁ 1:3 E.ID z'z 2I.4 ETE Efﬂ 313 3.I2‘ .“:I-i
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Figure 10: Effect of interphasethicknesson inter laminar
shear modulus
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Figure1l: Effect of inter phasethicknesson Poisson’sratio

CONCLUSON

In present work, computational approach based
onfinitee ement analysishasbeenillustrated to predict
the effectivetransversely isotropic propertiesof CNT-
reinforced composites. A homogenized RVE conssting
of polymer resin, singlewalled carbon nanotubeand an
interphase with proper boundary conditionswas ana-
lyzed using three-dimensional finiteelement anaysis.
During the parametric studies, the effectsof parameters
such asvolumefraction, interphase stiffnessand thick-
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nesswere considered. Both orthotropic and isotropic
materia properties have been separately accountedin
thisinvestigation. It isconcluded that theinterphase f-
fectismostly ontransversed astic propertiesrather than
inlongitudind direction. Hence, if enhancementinlon-
gitudina eastic modulusisdesirablethenthereisno
need toimproveinterphase property. Moreover, inter-
phaseeffect can be neglected in eva uation of longitudi-
nal elasticmodulus.
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